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Interleukm I and the glomerular mesangium. III. Il-i-dependent
stimulation of mesangial cell protein kinase activity. Interleukin 1 (IL-I)
exerts a number of biologic actions upon cultured glomerular mesangial
cells (MC). These include stimulation of cellular proliferation and
induction of prostaglandin and type IV collagenase secretion. It was
determined that this activity, as with other polypeptide growth factors,
was associated with the activation of specific MC plasma membrane
protein kinases. Plasma membranes from cycling MC were incubated
with purified IL-i and (32P) ATP in the absence of calcium and cyclic
nucleotides. Macrophage IL-i stimulated the rapid phosphorylation of
several plasma membrane proteins, the most significant of which were
52-55 kd, 46 kd, and 20 kd in size. Macrophage IL-i induced specific
membrane phosphorylation in concentrations as low as 1.5 x 10—12 M,
an effect obtained with equivalent concentrations of purified MC IL-I.
The 46 kd phosphoprotein, which was the most prominent, was
alkali-resistant and contained phosphotyrosine when examined by
phosphoamino acid analysis, The 52-55 kd and 20 kd phosphoproteins
were alkali-labile and contained phosphoserine. The 46 kd phosphopro-
tein was the major phosphoprotein recovered from Con A-Sepharose
and IL-l affinity columns. Induction of plasma membrane-associated
protein kinase activity may represent one mechanism whereby IL-l
initiates mesangial cellular activation.
Interleukin- 1 (IL- 1) is a polypeptide mediator with a broad
range of biologic activities related to the inflammatory process
[reviewed in 1, 2]. The biologic diversity of IL-i-mediated
responses is paralleled by the variety of cell types which have
been found to secrete this factor. Glomerular mesangial cells
(MC) secrete polypeptides with activities closely resembling
those of macrophage IL-i. These activities include stimulation
of interleukin-2 release and activity as an endogenous pyrogen
[3, 4]. The glomerular MC IL-l was recently purified to homo-
geneity and was found to stimulate MC proliferation on an
autocrine basis [5]. These observations correlated closely with
previous studies demonstrating that macrophage IL-i enhanced
MC proliferation [6]. In addition, purified macrophage IL-I was
noted to effect several other MC biologic responses, including
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an augmentation in the secretion of prostaglandins and of a
specific type IV collagenase [7, 8]. While much has been
learned about the mesangial response to IL-i, little is known
concerning the precise biochemical mechanism(s) of monokine
action. Many studies have indicated that the activation of
protein kinases is an important aspect of the biological activity
of several polypeptide hormones, including insulin, insulin-like
growth factor-I, platelet-derived growth factor and epidermal
growth factor [9—16]. Subsequent analysis has demonstrated
that the hormone receptors themselves express enhanced pro-
tein kinase activity following ligand binding, an activity associ-
ated with the preferential phosphorylation of tyrosine residues
[16—19]. While the actual linkage between these events and the
induction of cellular proliferation is not clear, it does appear
that activation of receptor-associated protein kinases repre-
sents one of the earliest cellular events following ligand binding
to plasma membrane receptors [19]. Given the precedents
established with other growth factors, we postulated that IL-l
stimulation of MC may be linked to the activation of plasma
membrane-associated protein kinases. The data presented here
suggests that IL- 1 may mediate mesangial cellular activation in
a fashion similar to other, better characterized, growth hor-
mones.
Methods
Preparation of glomerular mesangial cells
Primary cultures of MC were obtained from the outgrowths
of collagenase-treated glomerular remnants derived from 200 g
Sprague-Dawley rats as previously reported in detail [20], and
maintained in exponential phase growth in Dulbecco's Modified
Eagle's Medium (GIBCO, Paisley, UK) supplemented with
20% heat-inactivated fetal calf serum (FCS, GIBCO), 100 U/mi
penicillin, 100 jig/mI streptomycin, and 300 jig/mI glutamine.
The cells were characterized as mesangial using previously
reported criteria [3, 20], including phase-contrast morphology,
prominent immunofluorescence (IF) staining for intracellular
myosin fibrils and for the extracellular matrix components
fibronectin and type IV collagen. IF staining for Factor VIII
was negative, and the cultures maintained growth in medium
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Fig. 1.Electron micrograph of mesangial cell plasma membrane-enriched fraction used for phosphorylation experiments. The membranes Consist
to a large extent of open, planar sheets (arrows), as well as smaller numbers of microsomes. (Final magnification X 60,000)
containing D-valine. The cells did not demonstrate starch or
latex particle phagocytosis, and exhibited a dose-dependent
shape change in response to physiologic concentrations of
angiotensin II. MC were used between the fifth and seventh
passages for the preparation of membranes. Non-cycling cells
were obtained by washing the cultures twice with serum-free
medium, followed by incubation in Medium 199 (GIBCO)
supplemented with 0.5% FCS, 0.5% bovine serum albumin and
1 x 10-6 M bovine insulin [21]. The medium was changed every
48 hours. The cells were rendered quiescent within 96 to 120
hours, as determined by basal levels of incorporation of 3H-
thymidine and 3H-uridine. Such non-cycling cells could be
readily induced to re-enter the cell cycle by the addition of
higher concentrations of FCS.
Preparation of mesangial cell plasma membrane fractions
MC cultures (actively proliferating or non-cycling) were
washed twice in calcium, magnesium-free phosphate-buffered
saline (PBS), pH 7.4, containing 2 mt phenylmethysulfonyl-
fluoride (PMS-F), pepstatin 1 g/ml, and 0.2 mrvi EDTA (Sigma,
Munich, FRG). All steps were performed at 4°C. The MC were
removed by scraping with a rubber policeman and centrifuged
at 400 g for 10 minutes. The cell pellets were placed in a
tight-fitting Dounce homogenizer in 20 m sodium borate, pH
10.2, containing EDTA and proteinase inhibitors as above, and
broken up with ten strokes. The broken cell preparation was
then centrifuged at 200 g for ten minutes and the supernate
recentrifuged at 15,000 g for 20 minutes. The resultant crude
microsomal fraction was washed twice in 20 mrvi HEPES, pH 7.4,
containing proteinase inhibitors, layered over a 35% (wt/wt) su-
crose cushion in HEPES buffer, and centrifuged at 75,000 for 30
minutes to obtain a plasma membrane-enriched fraction. The
material at the sucrose interface was collected, washed twice in
HEPES buffer without inhibitors, and stored in liquid nitrogen
until assay. Protein concentrations were determined by the
method of Bradford [22]; the plasma membrane-enriched frac-
tion revealed a 30-fold increase in NaJK ATPase activity as
compared to a crude broken cell preparation (not shown).
Material prepared and stored in this fashion retained kinase
activity for up to six months. For electron microscopy the
plasma membrane-enriched fraction was fixed in half-strength
Karnovsky's fixative for one hour, followed by 0.1 M sodium
cacodylate buffer with 300 mM sucrose, pH 7.4. The mem-
branes were pelleted, post-fixed in osmium tetroxide in caco-
dylate buffer for 30 minutes, dehydrated in a graded series of
ethanol and infiltrated with epon. Ultrathin sections were cut,
mounted, and stained with 2% aqueous uranyl acetate and lead
citrate prior to examination with a JEOL electron microscope
(Fig. 1).
Purification of macrophage and mesangial cell interleukin-l
Rat macrophage IL-l was purified from the conditioned
medium of peritoneal macrophages obtained from casein-in-
jected Sprague-Dawley rats. Adherent cells, consisting of great-
er than 95% macrophages as judged by morphology, phagocy-
tosis of latex beads and staining for nonspecific esterase, were
stimulated for 24 hours with 1 g/ml lipopolysaccharide (E. coli,
0127:B8, Difco, Detroit, Michigan, USA) in serum-free medium
supplemented with 0.2% lactalbumin hydrolysate (LH, Difco).
The crude conditioned medium was centrifuged at 1000 g for 10
minutes and stored at —20°C until purification. Mesangial cell
IL-i was purified from the conditioned medium of actively
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proliferating cells. MC were washed twice in serum-free me-
dium and cultured for 24 hours in serum-free medium supple-
mented with 0.2% LH. Conditioned medium was harvested,
centrifuged, and stored as above. The detailed methodology for
the purification to apparent homogeneity of the two prepara-
tions and a comparison of their biochemical properties is the
subject of a separate report [5J. In brief, the conditioned media
were concentrated by ultra/diafiltration and chromatographed
on a calibrated Sephacryl 200 SF column. The active material
was concentrated by diafiltration and run on a preparative
chromatofocusing column using a gradient of pH 7.4 to 4.0.
Dialyzed fractions which demonstrated IL-I activity were fur-
ther purified by chromatography on a column of G50 Superfine
(Pharmacia, Freiburg, FRG) to remove residual protein con-
tamination. Rat macrophage IL-I was found to have a major
isoelectric species at p1 4.7. Mesangial cell IL-I consisted of
three major isoelectric species, with p1's of 7.3, 5.0 and 4.45.
Analytic SDS-PAGE, followed by staining with a silver nitrate
method sensitive to 10 to 20 ng protein/band [23], was used to
demonstrate the purity of the final materials. Each isoelectric
species migrated as a single stainable band with an apparent
molecular weight of 12,500 to 14,000 daltons. Biologically
active material could be correspondingly eluted from parallel,
non-fixed lanes, confirming the interleukin identity of the stained
bands. All isoelectric species had activities of approximately 1
x 106 U/mg protein. Purified murine IL-l was obtained as
previously reported [24]. All IL-I preparations were adjusted to
final activities of 100 U/mI and stored at —80°C until use.
IL-i assay
The enhancement oflectin-primed Sprague-Dawley rat thymo-
cyte proliferation was used to quantitate IL-activity in the
various materials. The assay was performed as previously
reported [3], with the exception that the rat thymocytes were
plated at a density of 1.5 x 106 cells/well. The activities are
expressed in units derived from probit analysis, which com-
pared the half-maximal cpm responses of test preparations to a
rat peritoneal macrophage IL-i preparation assigned an activity
of 100 U/mI [3, 6].
Phosphorylation assay
The phosphorylation of membrane proteins was based, with
minor modifications, upon the assay systems of Cohen, Car-
penter and King [25], and Ek and Heldin [12]. The assay was
performed at 0°C in a final volume of 50 d, which consisted of
25 g mesangial cell membrane protein, 20 mrt HEPES pH 7.4,
5 mM MnCl, 0.06 M NaCl, 0.1% BSA, 15 sM ATP (containing
4 Ci [32P] ATP, Amersham-Buchler, Braunschweig, FRG),
and varying concentrations of IL-i. In general, the components
were preincubated for 10 minutes at 0°C prior to the addition of
labelled ATP. Unless otherwise specified, the reaction was
stopped after 30 minutes by the addition of a sample buffer. In
system A, 40 d of a sample buffer containing 50 mi Tris/HCI,
pH 8.0, 2.5% SDS, 20% glycerol, 10% (vol/vol) p-mercaptoeth-
anol, and 0.01% bromophenol blue were added, followed by
incubation at 95°C for three minutes and analysis by SDS-
PAGE. In system B, 30 d of a sample buffer containing 60 mM
Tris/HCI, pH 8.0, 3% SDS, 30% glycerol, 3 mt EDTA, 1 mM
PMS-F, 15% (voLlvol) /3-mercaptoethanol, and 0.01% bromo-
phenol blue were added. The samples were solubilized by
incubation for 18 to 24 hours at 25°C, and subjected to SDS-
PAGE.
Electrophoretic methods
Analytic SDS-gel electrophoresis was performed with the
discontinuous Tris-glycine system of Laemmli [26], using 0.75
mm thick slabs composed of a 3% stacking and a 12.5%
resolving gel unless otherwise specified. Phosphorylase b (94
kd), bovine serum albumin (67 kd), catalase (60 kd) ovalumin
(43 kd), lactate dehydrogenase (36 kd), carbonic anhydrase (30
kd), trypsin inhibitor (20.1 kd), ferritin (18.5 kd) and lactal-
bumin (14.4 kd, Pharmacia) were used as molecular weight
markers. The gels were run at 25°C with a constant current of 18
mamp, and were fixed and stained with Coomassie brilliant blue
R-250, 0.1% in methanol:acetic acid:water (3:6:75) for 30
minutes at 60°C and destained with 7% acetic acid. Destained
gels were dried under heat and vacuum. Autoradiography was
performed for 18 to 24 hours at —80°C using Kodak X-O-Mat
film with enhancing screens. For quantitative studies the amount
of incorporated radioactivity in the membrane proteins was
determined by liquid scintillation counting. Radiolabelled bands
were identified by autoradiography, sliced from the gel, and
solubilized in 30% H202 at 70°C for one hour. This material was
mixed with liquid scintillation cocktail and counted. Additional
quantitation was provided by densitometry of the autoradi-
ograms. Peak areas are expressed in arbitrary units determined
by computerized planimetry of the densitometric tracings.
Where indicated, gels were incubated in 1 M NaOH for two
hours at 55°C in order to hydrolyze most of the phosphoserine
[27]. Alkali-treated gels were neutralized, dried, and subjected
to autoradiography for 48 hours.
For two-dimensional analysis, phosphorylated membranes
were pelleted by centrifugation, washed twice in 20 mM HEPES,
pH 7.4, and solubilized in isoelectric focusing (IEF) sample
buffer (9.3 M urea, 5 mM K2C03, 2% NP-40, 2% 3-10 ampho-
lines, 30 m dithiothreitol). IEF was performed on 0.4 mm
ultrathin polyacrylamide slabs according to Goldsmith et a!
[281, using 1.4% 4-6 ampholines and 0.6% 3-10 ampholines
(LKB, Bromma, Sweden). Focused proteins were separated in
the second dimension precisely according to O'Farrell [29],
using 12.5% discontinuous gels. Fixation and autoradiography
were performed as detailed above. Isoelectric points were
determined from the migration patterns of stained standard
proteins (IEF calibration kit, Pharmacia).
Lectin absorption of phosphoproteins
Sepharose beads containing conjugated Concanavalin A (Con
A) and wheat germ agglutinin (WGA) were obtained from
Pharmacia. The lectin from Helix pomatia (HP, Pharmacia) was
coupled to CNBr-Sepharose; control beads were produced
from Sepharose-ethanolamine. MC membranes, 25 pg/probe,
were phosphorylated in the standard system for 30 minutes
using 4 Ci [32P] ATP/15 LM and 1 U/probe of purified macro-
phage IL-I. Following the addition of a 1000-fold excess of cold
ATP, the mixture was made 1% in Triton X-100 and incubated
at 4°C with 40 d packed beads of Sepharose-ConA, Sepharose-
WGA, Sepharose-HP, and Sepharose-ethanolamine. The beads
were washed three times in a buffer containing 0.2% Triton
X-100, 10% glycerol, 20 mi TrisIHCl, pH 7.4, followed by two
washes in the same buffer containing 0.5 M NaC1. The beads
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were finally washed twice in 20 mivi Tris/HCI, pH 7.4 [17]. The
material bound to the beads was desorbed by incubation at
room temperature for 18 hours in sample buffer B. The eluted
material was separated on SDS-PAGE gels, followed by fixa-
tion, drying and autoradiography as detailed above.
IL-I -S epharose affinity experiments
Purified macrophage IL-l was coupled to CNBr-Sepharose
(Pharmacia) in a ratio of 2 g IL-l per 50 d packed beads.
Following coupling, the beads were washed extensively in 20
mM HEPES, pH 7.4. Control beads consisted of Sepharose-
ethanolamine as detailed above. Mesangial cell membranes, 100
gIprobe, were solubilized in 0.5% Triton X-100, 15% glycerol,
20 mrt HEPES, pH 7.4, 75 ms'i NaCl, I mg/ml BSA, and
incubated for 30 minutes at 0°C with 50 d of the various
Sepharose beads. The beads were washed three times in
100-fold volumes of 0.2% Triton X-l00, 20% glycerol, 50 mivi
NaCl, 20 mri Tris/HCI, pH 7.4. Thereafter, the beads were
washed an additional three times in phosphorylation buffer. The
beads were resuspended in a final volume of 100 .d containing
10 jiCi [32P}ATP/l5 tM, After 30 minutes at 0°C the beads were
centrifuged and resuspended in sample buffer B for 24 hours.
Electrophoresis and autoradiography were performed as above.
Phosphoamino acid analysis
MC membranes were phosphorylated for 30 minutes in the
standard assay system. The membranes were solubilized in
sample buffer B, electrophoresed, and the radiolabelled bands
identified by autoradiography of non-fixed gels. The labelled
proteins were recovered from the gels as outlined by Beemon
and Hunter [30], acid hydrolized (3 hr at 95°C in 6 N HC1), and
mixed with phosphoamino acid markers (phosphoserine, phos-
phothreonine, phosphotyrosine, Sigma). The phosphoamino
acids were electrophoretically separated on thin layer cellulose
sheets (Sigma) in a buffer of acetic acid: pyridine : water (50:
5:945) using 1000 V for 20 minutes at 4°C [311. The migratory
positions of the standard phosphoamino acids were determined
by spraying with ninhydrin. The positions of the 32P-labelled
phosphoamino acids were determined by autoradiography.
Results
As a critical prerequisite, these experiments utilized prepa-
rations of homogeneously purified rat macrophage and MC
IL-l, the characteristics of which have been previously re-
ported in detail [5]. Additionally, the membrane preparations
were obtained from well-defined, homogeneous cultures of rat
MC and were enriched in the plasma membrane fraction, which
consisted primarily of large, open planar sheets and some
microsomal forms (Fig. 1). The membrane preparative proce-
dure did not exclude, however, plasma membrane-associated
proteins, such as cytoskeletal elements. This was confirmed by
the presence of significant amounts of actin, rnyosin, and
myosin light chain in the membrane preparations (data not
shown). These are prominent cytoskeletal components of cul-
tured MC, which resemble in many respects vascular smooth
muscle cells [32, 33]. The protein kinase assay was performed
without additional calcium or cyclic nucleotides at a tempera-
ture of 0°C. This temperature was chosen due to the fact that
membrane-associated phosphoprotein phosphatases are inac-
tive under these conditions [12]. Preliminary studies indicated
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Fig. 2. Phosphorylation pattern of MC plasma membranes incubated
with purified IL-I. Twenty-five g membrane protein were incubated at
0°C for 30 minutes in phosphorylation buffer with 4 Ci 32P-ATP,
solubilized using the conditions specified by Laemmli [261, electropho-
resed and the positions of labelled phosphoproteins determined by
autoradiography. C blue shows the protein pattern of Coomassie blue
stained gels. Lane A: control; Lane B: crude supernate from non-
stimulated macrophages; Lane C: crude supernate from LPS-stimulated
macrophages; Lane D: 1 U purified macrophage IL-i; Lane E: 1 U
purified p1 7.3 mesangial IL-i.
that a buffer solution including 5 mivi MnCI2 yielded maximal
rates of phosphoprotein formation, and this basic format was
used in these experiments without further modification.
When MC plasma membranes were incubated for 30 minutes
at 0°C without IL-l there was little evidence for active protein
phosphorylation (Fig. 2, lane A). Similarly, a crude supernate
from non-stimulated rat peritoneal macrophages, which did not
contain IL-I, failed to induce significant protein phosphoryla-
tion (lane B). The addition of either crude supernate from
LPS-stimulated macrophages (lane C), or 1 U (8 x 10_12 M) of
purified macrophage IL-l (lane D) or p1 7.3 MC IL-l (lane E)
resulted in the phosphorylation of several, relatively poorly
resolved membrane proteins. Of note was the large amount of
phosphorylated material which failed to enter the 12.5% sepa-
rating gel. Membrane proteins, in particular glycoproteins, may
exhibit wide variations in relative mobilities which are depen-
dent upon the ionic strength and temperature of the solubiliza-
tion buffer used [34—36]. More reproducible and enhanced
resolution of the various membrane phosphoproteins was ob-
tained using a lower ionic strength solubilization buffer at room
temperature. This procedure was subsequently used for all
further experiments depicted here. As seen in Figure 3, purified
rat IL-i (lane C), murine IL-i (lane D) and the three isoelectric
species of MC IL-l (lanes E, F, and G) at concentrations of 1
U/probe induced the phosphorylation of three major proteins
p p a — p
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Fig. 4. Time-dependence of IL-i stimulation of MC plasma membrane
— 18.5 phosphorylation. Twenty-five j.g membrane protein were incubated for
varying periods of time at OC with 1 U purified macrophage IL-i
(Lanes A—D) and compared to controls (Lanes E—H) incubated without
added interleukin. Lane A,E: 2.5 mm; Lane B,F: 5.0 mm; Lane C,G: 10
mm; Lane D,H: 30 mm.
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Fig. 3. Comparison of MC membrane phosphorylation pattern in
response to various forms ofpurified IL-i . Mesangial membranes were
treated as detailed under Fig. 2 with the exception that the phospho-
rylated membranes were solubilized in buffer B at 25°C overnight. Lane
A: control; Lane B: supernates from non-stimulated macrophages;
Lane C: 1 U purified rat macrophage IL-i ; Lane D: 1 U purified murine
IL-i; Lanes E, F, and G: 1 U purified MC IL-i, p1's 7.3, 5.0, and 4.45,
respectively.
with relative mobilities of 52-55 kd, 46 kd and 20 kd. Although
the experiments employed five different forms of IL-i from
several cellular sources, the resultant phosphorylation pattern
was quite uniform. The phosphorylated doublet at approxi-
mately 14 kd was removed by chloroform/methanol extraction
of the samples and presumably represents phosphorylated
proteolipid (data not shown).
Direct quantitation of the labelled phosphoproteins was pro-
vided by liquid scintillation counting of excised bands or by
densitometry of autoradiographs exposed under linear condi-
tions. For densitometry the data are expressed as units of area
determined by computerized planimetry of the densitometric
tracings. Direct counting of the 46 kd phosphoprotein indicated
that 277 50 dpm (mean SD, N = 4) were incorporated in the
absence of IL-i. The addition of 1 U of IL-i for 30 minutes
yielded 872 150 dpm, which represents a stimulation index
(SI) of approximately 3.15. This SI value was confirmed by
densitometry, in which the control 46 kd peak area was 4.54
units (mean of duplicate determinations) versus a peak area of
15 units in the IL-i treatment group. The control 52-55 kd
phosphoprotein peak area was 1.39 units versus a peak area of
4.68 units for the IL-i group, giving a SI of approximately 3.4.
For the 20 kd phosphoprotein, the control peak area was 2.02
units versus 7.67 units for the IL-i group, resulting in a SI of
approximately 3.8. Thus, IL-i enhanced the phosphorylation of
three major proteins to a similar extent under these conditions.
The time course of IL-i-dependent phosphorylation (at 0°C)
was investigated by incubating MC plasma membranes for
differing periods of time with a fixed concentration (1 U) of
purified macrophage IL-i (Fig. 4). Significant induction of
protein phosphorylation was observed as early as five minutes
(lane B) following the initiation of the experiment, and maximal
incorporation of 32P was generally achieved by 30 minutes (lane
D) under these conditions.
The effect of IL-i on MC membrane protein phosphorylation
was concentration dependent (Fig. 5A, lanes A—E). In these
experiments the membranes were phosphorylated for 30 mm-
utes at 0°C with concentrations of rat macrophage IL-i ranging
from 0.2 to 2 U (1.5 X 1O_12 M to 1.6 x 10" M). This range
covered the previously reported concentration optima for the
induction of MC proliferation by purified rat IL-i [5]. Signifi-
cant stimulation of phosphorylation of the three major phos-
phoproteins was obtained with even the lowest concentration of
IL-i examined (1.5 x i012 M). Concentrations above 2 x i01
M IL- 1 did not further enhance membrane protein phosphory-
lation.
When the gel depicted in Figure 5A was incubated in 1 M
NaOH for two hours, the 52-55 kd and 20 kd phosphoproteins
were no longer detectable, while the 46 kd band remained
intact. As shown in Figure SB, lanes A'—E', the increase in the
alkali-stable 46 kd phosphoprotein was also dependent on IL-i
concentration. The alkali resistance of the 46 kd protein sug-
gested that phosphotyrosine represented the major phosphoryl-
ated residue on this protein, while the alkali-lability of the 52-55
kd and 20 kd proteins was consistent with phosphoryiation on
either threonine or serine residues [27, 31]. This was confirmed
by direct phosphoamino acid analysis of the respective phos-
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—36 5. A. IL-I concentration-dependence of
I%IC protein phospho,ylation. Twenty-five g
plasma membranes were incubated under
— 18 5 standard phosphorylation conditions for 30
minutes at 0°C with increasing concentrations
of purified macrophage IL-I. Lane A, control;
Lane B, 2 U; Lane C, 1 U; Lane D, 0.4 U;
—14.4 Lane E, 0.2 U. B. Effect of incubation of gel
shown in A) in I M NaOH for 2 hours at 55°C
kd
on IL-I-dependent phosphoproteins.
Alkali-resistant phosphoproteins were
demonstrated by autoradiography. Lane A',
0.2 U IL-i; Lane B', 0.4 U; Lane C,, 1 U;
Lane D', 2 U; Lane E', control.
A B
Fig. 6. Phosphoamino acid analysis of the IL-i-dependent 46 kd
phosphoprotein. MC membranes were phosphorylated under standard
conditions and the labelled proteins separated by SDS-PAGE. The 46
kd protein was recovered and subjected to acid hydrolysis and high
voltage electrophoresis on cellulose plates as detailed in Methods. The
migratory positions of standard phosphoproteiris (P-Ser, phosphoser-
me; P-Thr, phosphothreonine; P-Tyr, phosphotyrosine) were deter-
mined by ninhydrin staining and the labelled phosphoamino acids by
autoradiography. A: controls; B: IL-I. I U/probe.
phoproteins. Phosphoamino analysis, combined with autoradi-
ography, of the 46 kd phosphoprotein demonstrated tyrosine-
specific phosphorylation, the extent of which was enhanced by
the addition of IL-i (Fig. 6). No detectable phosphotyrosine
was found on the 52-55 kd and 20 kd phosphoproteins, which
contained entirely phosphoserine (data not shown).
Two-dimensional electrophoretic analysis provided additional
biochemical characterization of the IL-i-dependent phospho-
+ proteins (Fig. 7). The 46 kd phosphoprotein had an acidic p1 of
approximately 5.9—6.0, while the 52-55 kd and 20 kd proteins
demonstrated p1's of 6.6—6.8 and 5.9—6.0, respectively.
To investigate whether the IL- 1-dependent phosphoproteins
were also glycoproteins, phosphorylated mesangial membrane
preparations were solubilized in 1% Triton X- 100 and incubated
with either Sepharose-Con A, Sepharose-WGA, Sepharose-HP
or Sepharose-ethanolamine. The eluted materials were sepa-
rated by SDS-PAGE and representative results are shown in
Figure 8A. No significant binding of IL-i-dependent phospho-
proteins occurred with the control Sepharose-ethanolamine
(lane D). Only minor binding was observed with Sepharose-HP
or Sepharose-WGA (lanes A, B). In contrast, significant recov-
ery of the 46 kd phosphoprotein occurred with Sepharose-Con
A (lane C). Minor amounts of 55 kd and 20 kd phosphoproteins
were recovered under the same conditions. When the same gels
were stained for protein using Coomassie blue (Fig. 8B), it was
— evident that membrane proteins of varying sizes had bound to
each of the lectin affinity columns. None of these proteins
comigrated with the radiolabelled phosphoproteins, suggesting
that these are present in relatively low quantity.
In order to explore the potential relationship of an IL-l
binding molecule to the substrate, phosphoproteins experi-
ments utilizing immobilized IL-i were performed. In these
studies the plasma membranes were detergent solubilized and
incubated with either Sepharose-IL-1 or control Sepharose-
ethanolamine. Following extensive washing to remove non-
specifically adherent proteins, the beads were incubated in
phosphorylation buffer with labelled ATP. Autoradiography
demonstrated no significnt recovery of phosphorylated proteins
from the control Sepharose-ethanolamine beads (Fig. 9, lane
A). In addition there was no significant protein binding to the
control beads when the gel was stained (not shown). When
immobilized macrophage IL-i was used (lane B), autoradi-
ography demonstrated significant recovery of the predominant
52-55 kd and 46 kd IL- 1-dependent phosphoproteins. When the
same gel was subjected to protein staining (lane C), seven
discrete bands with apparent molecular weights of 95 kd, 80 kd,
72 kd, 55 kd, 46 kd, 43 kd and 36 kd were detected in eluates
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Fig. 7. Two-dimensional electrophoretic
analysis of the IL-i -dependent
phosphoproteins. MC membranes were
phosphorylated for 10 minutes in the standard
system (A: controls; B: IL-i, 1 U/probe).
Membranes proteins were separated by IEF in
the first dimension and by SDS-PAGE in the
second dimension. The labelled
phosphoproteins were identified by
autoradiography.
from the IL-i affinity preparation. The 55 kd and 46 kd bands
correlated with the radiolabeiled phosphoproteins.
In recent studies examining the induction of cellular prolifer-
ation by IL-i, we noted a relationship between the mesangial
cell cycle and the response to interleukin [5]. While cycling cells
are fully responsive to exogenous IL-i, non-cycling, or G0/G 1,
cells failed to demonstrate a biologic response. These findings
were extended in the experiments reported here, in which the
plasma membranes from G0/G 1 cells did not show activation of
protein kinase activity in response to IL-I. These results are
detailed in Figure 10. Of note, the background phosphoprotein
pattern in resting cells is different from that seen in the previous
illustrations. Furthermore, IL-i failed to induce protein phos-
phorylation under conditions identical to those used previously
with cycling cells (lane A—control, lane B—IL-i treated). Even
when the amount of membrane protein was tripled to 75
gIprobe (lanes C and D) there was no response to added IL-i
observed. Addition of higher concentrations IL-i (up to 25
U/ml) failed to induce membrane phosphorylation.
Discussion
The findings detailed in this report demonstrate that purified
IL-l activates protein kinase(s) present within the plasma
membranes of cultured glomerular mesangial cells. The phos-
phorylation reaction conditions were designed such that little or
no cAMP dependent, calcium-calmoduiin dependent or calci-
um-phospholipid (protein kinase C) dependent kinase activities
would be evident. The phosphorylation process was dependent
upon the presence of manganese cations, a common finding
with growth factor receptor and retroviral-associated protein
kinases [9, 12, 19, 37]. This kinase activation occurs rapidly,
even at 0°C, and results in the phosphorylation of three pre-
dominant proteins with molecular weights of 52-55 kd, 46 kd
and 20 kd. Specific tyrosine phosphorylation was found to
occur on the 46 kd protein following the addition of IL- 1, while
the 55 kd and 20 kd proteins were phosphorylated on serine
residues. Two-dimensional electrophoretic analysis demonstrated
that the three major IL-i-dependent phosphoproteins are rela-
tively acidic in nature. The IL-i concentration dependence of
the reaction occurred within the range previously established
for the enhancement of mesangial cell proliferation [5], under-
scoring the physiological relevance of the IL-i-mediated acti-
vation of membrane protein kinase activity. Identical phosphor-
ylation patterns were obtained with each of the three isoelectric
species of mesangial IL-i. In addition, purified macrophage
IL-l from murine and rat macrophages produced the same
phosphorylation pattern, indicating that these biochemically-
distinct interleukin species acted via a common mechanism.
The results of the lectin affinity studies suggest that the 46 kd
phosphoprotein is glycosylated and has a high affinity for Con
A. This glycosylation may explain in part the variability in the
electrophoretic migratory pattern observed under differing con-
ditions of membrane solubilization.
The migratory patterns of the predominant phosphoproteins
were not affected by electrophoresis under non-reducing con-
ditions (not shown), suggesting that these proteins are not
covaiently linked via disulfide bonds to other membrane pro-
teins. The results of the IL-i affinity experiments do suggest,
however, that the IL-I-dependent phosphoproteins may exist
as a part of a larger, non-covalently linked molecular complex.
Immobilized IL-i did induce phosphorylation of the 52-55 and
46 kd proteins in detergent-soiubiiized membrane preparations,
a process associated with the recovery of five additional,
non-phosphorylated proteins. One of the non-phosphorylated
proteins recovered from IL-1-Sepharose migrated in SDS-
PAGE with a molecular weight of 80 kd, a size closely resem-
bling the value obtained for the specific high-affinity IL- 1
membrane receptor in T cells and fibroblasts [38, 39]. This
suggests that the predominant IL-i-dependent phosphoproteins
may be components of a multimeric complex associated with
the actual IL-i receptor protein. Our studies were designed to
demonstrate only the substrate phosphoproteins and do not
provide evidence for the molecular characteristics of the actual
protein kinase(s) themselves. The present findings suggest that
ligand binding to the IL-i receptor initiates either within the
receptor molecule, or a closely associated membrane compo-
nent, protein kinase activity. Further studies will be required to
determine the nature of these enzymes and their relationship to
the IL-i receptor molecule. Membranes from GO/Gi cells fail to
exhibit a protein kinase response to IL-i. This corresponds to
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Fig. 9. Recovery of mesangial membrane proteins from Sepharose-IL-
I. MC plasma membranes were solubilized, incubated with control
Sepharose-ethanolamine (A) or Sepharose-IL-l as detailed in Methods.
The beads were extensively washed, incubated in phosphorylation
buffer with 32P-ATP, followed by electrophoretic separation and
autoradiography. Lane A, B: autoradiograms; Lane C: protein stain of
material specifically bound to Sepharose-IL-I (Lane B). The thick
protein band at 68 kd in Lane C is carrier BSA present in the
phosphorylation buffer.
Fig. 8. Lectin affinities of the IL-I-dependent mesangial plasma mem-
brane phosphoprozeins. The membranes were phosphorylated in the
standard assay with I U purified macrophage IL-I, solubilized as
detailed in Methods and incubated with various Sepharose-coupled
lectins. The sizes of the adherent proteins were determined by autoradi-
ography (A) and by protein staining with Coomassie blue (B). (A) Lane
A: Helix pomatia lectin; Lane B: wheat germ agglutinin; Lane C:
Concanavalin A; Lane D: control Sepharose-ethanolamine. (B) The
lane designations correspond to those detailed for (A).
previous observations demonstrating a lack of proliferative and
prostanoid secretory responses to IL-I by this cell population
[5, 81. Potential explanations include a cell cycle-dependent
expression of key regulatory enzymes or conceivably a cell
cycle-dependent expression of the IL-i receptor. This issue is
currently under study.
The identities of the IL-I-dependent phosphoproteins remain
speculative at this time. Cytoskeletal and membrane-associated
proteins are known to act as substrates for growth factor and
oncogene-related protein kinase activities [40—421. It has been
suggested that this is responsible for some of the morphologic
alterations observed following viral transformation or exposure
to certain purified growth factors [43, 44]. The 20 kd IL-i-
dependent mesangial cell phosphoprotein has been tentatively
identified in recent experiments (unpublished observations) as
the myosin regulatory light chain, a cytoskeletal component
previously shown to be a substrate for oncogene and growth
factor-related protein kinase activities [401. A common group of
proteins between 42 and 45 kd with relatively acidic pt's was
noted to be phosphorylated on tyrosine residues in response to
platelet-derived growth factor and epidermal growth factor [45].
These findings were extended by the observations of Kohno
[19], who noted the common tyrosine phosphorylation of sim-
ilarly sized acidic proteins in response to serum, epidermal
growth factor, platelet-derived growth factor and phorbol es-
ters. The suggestion has been made that the common phosphor-
ylation of a discrete number of proteins may offer a mechanism
whereby the mitogenic signals from a diverse group of growth
factor receptors may be channeled into the cell [19]. The
IL-i-dependent 46 kd phosphoprotein observed in our experi-
ments may be related to this group of proteins.
Our observations with mesangial cells confirm and extend
previous studies regarding the IL-I-dependent induction of
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Fig. 10. Phosphorylation pattern of membranes from resting, G0/G1
mesangial cells: effects of iL-i. The membranes were obtained as
detailed in Methods and incubated at a concentration of 25 pg/probe
(Lanes A,B) or 75 pg/probe (Lanes C,D). Lanes A,C: controls. Lanes
B,D: 1 U purified macrophage IL-i.
protein kinase activity in the human tumor cell line K 562(46,
and submitted for publication). The predominant protein found
to be phosphorylated in these experiments had a molecular
weight of 41 kd and was phosphorylated specifically on tyrosine
residues in response to IL-i, closely paralleling the present
findings with rat mesangial cell preparations.
Thus, IL-i-mediated activation of specific protein kinase
activity has been demonstrated for two clearly distinct cell
types, the erythroleukemia K 562 and the mesenchymally-
derived glomerular mesangial cell. Activation of protein kinases
with specific phosphorylation of a restricted number of sub-
strates may provide a common mechanism whereby IL-i stim-
ulates a wide variety of target cells of tumor, lymphoid and
mesenchymal origin. Finally, these findings provide some of the
first biochemical evidence for the mechanism of action of
mitogenic agents on the glomerular mesangial cell. Growth
factor activation of mesangial cells, with accompanying cellular
proliferation, extracellular matrix expansion and release of
biologically active mediators is of fundamental importance to
the understanding of the pathologic processes operative in
immune-mediated glomerular disease [33, 47]. Given further
insights into the mechanism of growth factor action on mesan-
gial cells, it may be possible in the future to design more
effective therapeutic agents to treat these disabling disorders.
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